IEEE Std C57.110-1998 
(Revision of IEEE Std C57.110-1986) 


IEEE Recommended Practice for 
Establishing Transformer Capability 
When Supplying Nonsinusoidal Load 
Currents 


Sponsor 


Transformers Committee 
of the 
IEEE Power Engineering Society 


Approved 2 July 1998 
IEEE-SA Standards Board 


Abstract: Methods are developed to conservatively evaluate the feasibility of supplying additional 
nonsinusoidal load currents from an existing installed dry-type or liquid-filled transformer, as a por- 
tion of the total load. Clarification of the necessary application information is provided to assist in 
properly specifying a new transformer expected to carry a load, a portion of which is composed of 
nonsinusoidal load currents. A number of examples illustrating these methods and calculations 
are presented. Reference annexes make a comparison of the document calculations to calcula- 
tions found in other industry standards and suggested temperature rise methods are detailed for 
reference purposes. 

Keywords: current, eddy-current losses, harmonic current, harmonic load losses, harmonic loss 
factor, harmonics, K-factor, load currents, nonsinusoidal, transformer 


The Institute of Electrical and Electronics Engineers, Inc. 
345 East 47th Street, New York, NY 10017-2394, USA 


Copyright © 1999 by the Institute of Electrical and Electronics Engineers, Inc. 
All rights reserved. Published 30 March 1999. Printed in the United States of America. 


Print: ISBN 0-7381-0431-0 SH94670 
PDF: ISBN 0-7381-0841-3 SS94670 


No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without the prior 
written permission of the publisher. 


IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinat- 
ing Committees of the IEEE Standards Association (IEEE-SA) Standards Board. Members of the 
committees serve voluntarily and without compensation. They are not necessarily members of the 
Institute. The standards developed within IEEE represent a consensus of the broad expertise on the 
subject within the Institute as well as those activities outside of IEEE that have expressed an inter- 
est in participating in the development of the standard. 


Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply 
that there are no other ways to produce, test, measure, purchase, market, or provide other goods and 
services related to the scope of the IEEE Standard. Furthermore, the viewpoint expressed at the 
time a standard is approved and issued is subject to change brought about through developments in 
the state of the art and comments received from users of the standard. Every IEEE Standard is sub- 
jected to review at least every five years for revision or reaffirmation. When a document is more 
than five years old and has not been reaffirmed, it is reasonable to conclude that its contents, 
although still of some value, do not wholly reflect the present state of the art. Users are cautioned to 
check to determine that they have the latest edition of any IEEE Standard. 


Comments for revision of IEEE Standards are welcome from any interested party, regardless of 
membership affiliation with IEEE. Suggestions for changes in documents should be in the form of a 
proposed change of text, together with appropriate supporting comments. 


Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as 
they relate to specific applications. When the need for interpretations is brought to the attention of 
IEEE, the Institute will initiate action to prepare appropriate responses. Since IEEE Standards rep- 
resent a consensus of all concerned interests, it is important to ensure that any interpretation has 
also received the concurrence of a balance of interests. For this reason, IEEE and the members of its 
societies and Standards Coordinating Committees are not able to provide an instant response to 
interpretation requests except in those cases where the matter has previously received formal con- 
sideration. 


Comments on standards and requests for interpretations should be addressed to: 


Secretary, IEEE-SA Standards Board 
445 Hoes Lane 

P.O. Box 1331 

Piscataway, NJ 08855-1331 

USA 


Note: Attention is called to the possibility that implementation of this standard may 
require use of subject matter covered by patent rights. By publication of this standard, 
no position is taken with respect to the existence or validity of any patent rights in 


connection therewith. The IEEE shall not be responsible for identifying patents for 
which a license may be required by an IEEE standard or for conducting inquiries into 
the legal validity or scope of those patents that are brought to its attention. 


Authorization to photocopy portions of any individual standard for internal or personal use is 
granted by the Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate 
fee is paid to Copyright Clearance Center. To arrange for payment of licensing fee, please contact 
Copyright Clearance Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; 
(978) 750-8400. Permission to photocopy portions of any individual standard for educational class- 
room use can also be obtained through the Copyright Clearance Center. 


Introduction 


(This introduction is not part of IEEE Std C57-110-1998, IEEE Recommended Practice for Establishing Transformer 
Capability When Supplying Nonsinusoidal Load Currents.) 


The widespread use of static rectification equipment in industrial loads on small and medium power trans- 
formers has resulted in a dramatic increase in the harmonic content of the load current for this equipment. It 
is quite common for the harmonic factor of the current to exceed 0.05 per unit, which is the limit specified for 
“usual service conditions” in IEEE Std C57.12.00-1993 and IEEE Std C57.12.01-1998. It is also well known 
that higher harmonic content in the current causes higher eddy current loss in winding conductors and struc- 
tural parts linked by the transformer leakage flux field and, consequently, higher operating temperatures. 


For a number of years this recommended practice has provided guidance in conservative loading practices so 
that overloading could be avoided for transformers carrying nonsinusoidal load currents. However, users 
have communicated the need for certain clarifications to the IEEE Transformers Committee. A working 
group was formed to respond to this need and has revised the subject recommended practice. Precise deter- 
mination of the extra eddy-current loss produced by harmonic currents is a complex subject that is highly 
dependent on the design and construction of the transformer and may involve sophisticated computer 
analysis. The intent of the original document will be followed and such treatment will not be given. The 
intent of this document is to present simple uniform methods of describing a load so that either a new trans- 
former may be adequately described to the supplier or an existing transformer may be evaluated for conser- 
vative loading. More specifically, it is expected that this standard would be used for the following situations: 


a) For anew transformer which will be required to carry some nonsinusoidal load currents, but will not 
be entirely devoted to a rectifier load. 

b) For an existing transformer which was not originally specified for supplying nonsinusoidal load cur- 
rents, but is now required to supply a load, a portion of which is nonsinusoidal. 


The increased use of electronic loads such as computers and adjustable-speed-drive motors in light indus- 
trial, commercial, and residential loads has created a need to apply the harmonic loading practices to liquid- 
filled distribution transformers below the small and medium power ratings. In extending the practices down 
to distribution ratings, it is recognized that the existing methods may be extremely conservative for smaller 
ratings and that less extensive derating methods may apply. 


Users of this revised document should also recognize that liquid-filled transformers may have different load 
limitations than dry-type transformers and that the harmonic loading practices should treat the two trans- 
former types differently when necessary. 


Transformers which are intended to supply loads with high harmonic content must be specified with a har- 
monic current distribution. The designer cannot “assume” nor can the user expect the designer to use “stan- 
dard” or “typical” current distribution tables. If the harmonic content of the load is unknown, then both the 
user and the transformer designer are at risk and reasonable steps should be taken to ensure a conservative 
design for the application. Guidelines on how this information is used to develop proper transformer sizing 
is provided in this document, but appropriate calculations specific to the type of transformer design are the 
responsibility of the designer. Approximate calculation techniques that provide conservative results are pro- 
vided for the typical user who has much less information than the transformer designer. 


In revising this recommended practice, the document was updated to current IEEE style formats and restruc- 
tured to permit easier use. New sections were added to more clearly address new transformer specification 
and liquid-filled transformers. The quantity f was deleted and Fy, and Fy,_str, Harmonic Loss Factors for 
winding eddy currents and for other stray losses were defined to simplify and expand the formulas. Addi- 
tional examples were also added to clarify the formulas, to include liquid-filled transformers, and to empha- 
size the importance of the required load information and its impact on the transformer size. Annexes were 
added for clarification, one of which compares the Underwriters Laboratories, Inc. (UL) K-Factor definition 
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and the IEEE Std C57.110-1998 Harmonic Loss Factor definition. The other annex presents information on 
procedures for performing a temperature rise test. 


Participants 


The Accredited Standards Committee C57 had the following membership when it reviewed and approved 
this document: 


P. Orehek, Chair J. D. Borst, Vice Chair 


J. A. Gauthier, Secretary 


Organization Represented Name of Representative 
Electric Light and Power Group ..........ceesesessseeeesseseeeesceeeseeecseeseeeeneeseeeeaes P. E. Orehek (Delegation Chair) 
T. Diamantis 

K. S. Hanus 

G.N. Miller (Alt.) 

C. G. Niemann 

S. Paiva 

J. Sullivan 

Institute of Electrical and Electronics Engineers 0.0.0.0... ccceeseseseeeeeeseeeeseeseeees B. Patel (Delegation Chair) 
W. B. Binder 

J. D. Borst 

J. H. Harlow 

J. W. Matthews 

National Electrical Manufacturers Association .........ccssseeeseeeteeeeeees P. J. Hopkinson (Delegation Chair) 
M. Austin 

G. Coulter 

S. Endersbe 

A. Ghafourian 

K. Linsley 

R. L. Plaster 

H. Robin 

H. J. Sim (Alt.) 

Tennessee: Valley: Authority isis. ath Aho SPAM AAS ARI G a elie: F. Lewis 
Underwriters Laboratories, Inc. ..........cccccccscccessscessseeescecescecesseceeseccesseccsseceeseecsssecesecesseecsseeeesseees M. Schacker 
U.S. Department of Agriculture, Rural Utilities Services ........... .... Mehrdad Eskandary 
U.S. Department of Energy, Western Area Power AdMiniSstration....cccscecscesceeseeseteeseeeeseeeens K. C. Wolohan 
U.S. Department of the Navy, Civil Engineering COrps ...ccccscsecsseseseseeeesseetetseeseneesees C. M. Mandeville 


At the time this recommended practice was completed, the Working Group on Recommended Practice for 
Establishing Transformer Capability When Supplying Nonsinusoidal Load Currents had the following mem- 
bership: 
Richard P. Marek, Chair 
Anthony Siebert, Secretary 


iV 


Roy A. Bancroft 
Mike Butkiewicz 
Max A. Cambre, Jr. 
Jerry L. Corkran 
James Deffenbaugh 
Jerome M. Frank 
Wayne Galli 
Dudley L. Galloway 
Michael E. Haas 
Roger R. Hayes 
Bryce Hesterman 
Timothy L. Holdway 
Philip J. Hopkinson 


Edward W. Hutter 
Mike Iman 

Charles W. Johnson, Jr. 
Anthony J. Jonnatti 
Sheldon P. Kennedy 
Lawrence A. Kirchner 
Alexander D. Kline 
John G. Lackey 
Timothy D. Lewis 
Don MacMillan 

Jim Mclver 

Nigel P. McQuin 
Mike I. Mitelman 


W. E. Morehart 
Dhiru S. Patel 
Wesley F. Patterson, Jr. 
Linden W. Pierce 
Guy Pregent 
Jeewan L. Puri 
Dilip R. Purohit 
Subhas Sarkar 
Michael Schacker 
Wes W. Schwartz 
Hyeong Jin Sim 
Charles E. Simmons 
Ronald W. Stoner 


Copyright © 1999 IEEE. All rights reserved. 


Edward J. Adolphson 
Paul Ahrens 

George Allen 

Glenn Andersen 
Stephen Antosz 

Jim Antweiler 

Javier Arteaga 

Roy A. Bancroft 

A. Bartek 

William H. Bartley 
Enrique Betancourt 
Wallace B. Binder 
Jerry H. Bishop 
Thomas E. Blackburn II 
Joe V. Bonucchi 
John D. Borst 

Max A. Cambre, Jr. 
Jerry L. Corkran 
James Deffenbaugh 
Robert C. Degeneff 
Alfonso M. Delgado 
Bob Del Vecchio 
Dieter Dohnal 
Richard F. Dudley 
John A. Ebert 

Fred E. Elliott 

Keith Ellis 

Gary R. Engmann 
Reto H. Fausch 
Pierre T. Feghali 

Joe Foldi 

Michael A. Franchek 
Jerome M. Frank 
Wayne Galli 

Dudley L. Galloway 
Saurabh Ghosh 
Harry D. Gianakouros 
Ramsis S. Girgis 
Richard D. Graham 
Robert L. Grunert 
Michael E. Haas 
Ernst Hanique 
James H. Harlow 
Roger R. Hayes 
Bryce Hesterman 
Peter J. Hoefler 
Timothy L. Holdway 
Philip J. Hopkinson 
James D. Huddleston, II 
John S. Hurst 
Edward W. Hutter 


Copyright © 1999 IEEE. All rights reserved. 


The following persons were on the balloting committee: 


Mike Iman 

Robert W. Ingham 
Charles W. Johnson, Jr. 
Anthony J. Jonnatti 
Lars-Erik Juhlin 
Sheldon P. Kennedy 
Lawrence A. Kirchner 
Brian Klaponski 
Alexander D. Kline 
Egon Koenig 

Barin Kumar 

John G. Lackey 

J. P. Lazar 

Tim D. Lewis 

Mark Loveless 
Donald L. Lowe 
Thomas Lundquist 
Joe D. MacDonald 
Don MacMillan 
William A. Maguire 
Richard P. Marek 
Jose R. Marotta 
John W. Matthews 
Angie D. McCain 
L. Bruce McClung 
Jack W. McGill 
Nigel P. McQuin 
Charles Patrick McShane 
Jack Moffat 

Daleep C. Mohla 
Harold R. Moore 
W. E. Morehart 
Daniel H. Mulkey 
Chuck R. Murray 
R. J. Musil 

William H. Mutschler, Jr. 
Carl G. Niemann 
Larry Nunnery 

Paul E. Orehek 
Gerald A. Paiva 

B. K. Patel 

Dhiru S. Patel 
Wesley F. Patterson, Jr. 
David Payne 
Paulette A. Payne 
Carlos Peixoto 

Dan D. Perco 

Mark D. Perkins 
Trevor Pfaff 

Linden W. Pierce 

R. Leon Plaster 
Donald W. Platts 


Guy Pregent 
Richard L. Provost 
Jeewan L. Puri 
Dilip R. Purohit 
Charles T. Raymond 
George J. Reitter 

J. C. Riboud 

Pierre Riffon 

Peter G. Risse 
Chris A. Robbins 
R. B. Robertson 
Arlise L. Robinson, Jr 
John R. Rossetti 
Lawrence Salberg 
Hazairin Samaulah 
Mahesh P. Sampat 
Subhas Sarkar 

Leo J. Savio 
Michael Schacker 
Wes W. Schwartz 
Pat Scully 

Vic Shenoy 
Stephen Shull 
Anthony Siebert 
Mark Siehling 
Hyeong Jin Sim 
Tarkeshwar Singh 
Kenneth R. Skinger 
James E. Smith 
Jerry W. Smith 
Leonard R. Smith 
Steven L. Snyder 
Ronald J. Stahara 
L. R. Stensland 
Peter G. Stewart 
Ronald W. Stoner 
John C. Sullivan 
Ray C. Thomas 
James A. Thompson 
Thomas P. Traub 
Subhash C. Tuli 
Robert R. Turcotte, Jr. 
John Vandermaar 
Joseph J. Vaschak 
Robert A. Veitch 
Loren B. Wagenaar 
Barry H. Ward 

Joe D. Watson 

D. W. Whitley 
William G. Wimmer 
F_N. Young 


When the IEEE-SA Standards Board approved this standard on 2 July 1998, it had the following 


membership: 
Richard J. Holleman, Chair Donald N. Heirman, Vice Chair 
Judith Gorman, Secretary 

Satish K. Aggarwal James H. Gurney L. Bruce McClung 
Clyde R. Camp Jim D. Isaak Louis-Francgois Pau 
James T. Carlo Lowell G. Johnson Ronald C. Petersen 
Gary R. Engmann Robert Kennelly Gerald H. Peterson 
Harold E. Epstein E. G. “Al” Kiener John B. Posey 
Jay Forster* Joseph L. Koepfinger* Gary S. Robinson 
Thomas F. Garrity Stephen R. Lambert Hans E. Weinrich 
Ruben D. Garzon Jim Logothetis Donald W. Zipse 


vi 


Donald C. Loughry 


*Member Emeritus 


Noelle D. Humenick 
IEEE Standards Project Editor 


Copyright © 1999 IEEE. All rights reserved. 


Contents 


1 OW ELVIS Ws soccisehecsetet Rbestathis Oeesss tele adie ete eee, Desa ee eat ow eed tected a Neen tees 1 
DT SCOPE sceigi eaves cacd Sec es sac aasen dec a8 Ses ous aa Sires ioeas chap seven dances decuaas couse loees deavaseeg. dives auseedeaiadiadepeaieaayeteeveae 1 
Ti 2s PULPOSO a: acsheacih aa atc patsi cocheerene th Eee Uns ie eas ee ns a han Rn a ee cen nates 1 
2 RETETENCES cei seta. deetins Nate acascesyes siouetdedeanbyseegbeons ebay biases Heeb eedeenst cade est dette taee cn meetedeatdeieetsceneus 1 
3 DSH ONS svat: tesceveesi tans ceseevtecess steep tes tesee eee haan Mia ert eae ed ae etait alee a Aes Bese eeees 2 
Sale Wetter SV MDS ve oss ev cesar esheescsdvey coset vaveusbbetee ievectensghd ews epeceates ened bend sitter Meetivtadsalteiaiess 2 
4:- General COnsideratOns?2.25..55.. Seek acest ha tend arti Bea ese eee ea Sal aa 3 
AT.“ Transtormen LOSSES cszc3.5 esc cece Me cheganedss eect tap cundh ycaseae st outta scot oebteaupiueuadianees Seebeateuathsta eect ieeptesegas 3 
4.2 Transformer capability equivalent... eee ceceeeceeceececeeseceeeeseceesseesaeesesesecseseaesseeeaseeseaeeaes 4 
AB: BASIC:ata deccecs 5, Ses cecs cave cuts sfuck ves ncceveuecbezevetend svshadnvtannes tadtes Hevea dened suvovcustptinues ecaea dake awiauees saeex sees’ 4 
4.4 Transformer per-umnit losses 20.0... eecceesceesecesceceneceseeesaecescecsaecesceceaeceacecsaeeeseeseaeeeeeseaeeeeessaeeeaeers 5 
4.5 Transformer losses at measured CUITENES .0....... cele ees eeeeeeceeeeeeeseeseceeecseeesecseesaecseeeaeesseeaeeeeeaeenes 5 
4.6 Harmonic Loss Factor for winding eddy current 000.0... eee eeeeeeseeeeseeseeeseeeeeseesecesecseeeaeeseseaeenss 6 
4.7 Harmonic Loss Factor for other stray lOSS€S......... cesses ceceseseseeecesesseeeseeseeeaecseseaecaseeaeeeeeaeenes 9 
5. Design considerations for new transformer specification... eee eeeeeseeeseeneeeseeseeeeeescnseeseeeseenees 10 
5:1 Harmonic: current filtering sos iciessessceteeee oe atetseee eee ete eat aero ere tie ee eee? 10 
5:2» ‘Impact-on’ the: neutral: 22:2. t4s. css aettl Ah aiin Orca Racin Mahe eed eee 10 
3:3: Power factor Correction SQUIP MEN ss «o/s. sees es sesevcea teed ses sepgegedewsup dete gaeomt dbs pyeeeeedees sus tetee ser tenes 10 
5.4 Electrostatic ground shields ...:.2.:ccc.ccse cede ceeeeaeccaescessoccessuscocescpnastescegdescnanssbesevaeeseccaseguensteeseseeet 10 
5.5. Design consideration outside the WindiNgS......... tees eeeesececeeseeesecseeeseceeeeaesseeesesseeeaeenseeaeens 10 
5:6 Harmonic spectrum analysis es. scse.s.csecgscccesecpesceeee gocsscesbeaedusdecteh dvaseds dacdhlsbsdeestecsstucagdeeuecnvevebedees 11 
5.7 Design consideration in the WindingS 000... eee eseeseeseceseeseeeseceecesecaeenaeseeeesecseeeseseaeeeeeaeeaeees 11 
6. Recommended procedures for evaluating the load capability of existing transformers.................... 12 
6.1 Transformer capability equivalent calculation using design eddy-current loss data................. 12 

6.2 Transformer capability equivalent calculation using data available from 
CELLED ESE TE POLE: occas ccc canes Heceaes tes oak pea teak Bet caveaepeted cols De setun eh senneoty loa lesaadanaveeeaesdinel de taaeeeseeed 18 

6.3 Neutral bus capability for nonsinusoidal load currents that include third 
Harmonie COMPONENUs 23 ox. esde seeds dN ahead eet eee ee A a enseesae eeeaed 26 
DEX. AY devas tu icevstss devetvee dd haaus st ccenyavtes coves peveeand sa eeneeanbaind deset eee rea eo seeet dors cate toe pert eee ne eevee erent! 27 
PATIO XA BS ones cotesd esha diate cat atest corel Mamaia ashe ihen od ldi beds dly Medal klteu i bre Maal EA betas it 29 
PSD Codes ro iiteg sheet ent eae NADA cles ts Ga ea ets Sones RNG St tens pete edt OR vhs Bee es eet tana ee evel wees 32 
PATIMEK DD) i ccecc sede hau Med cht es Mod ua eerg eee tda sue ddcbutepevanbebteuasshishe toads Hacks canages sevedhepuascbavedeaeaaees tested cesuaus te, taceverne es 38 


Copyright © 1999 IEEE. All rights reserved. Vil 


IEEE Recommended Practice for 
Establishing Transformer Capability 
When Supplying Nonsinusoidal Load 
Currents 


1. Overview 


Two methods are described in this recommended practice. The first is intended to illustrate calculations by 
those with access to detailed information on loss density distribution within each of the transformer wind- 
ings. The second method is less accurate and is intended for use by those with access to transformer certified 
test report data only. It is anticipated that the first method will emphasize the information necessary to spec- 
ify a new transformer and show how this information is used by transformer design engineers, while the sec- 
ond method will be employed primarily by users. This recommended practice will provide methods for 
conservatively evaluating the feasibility of applying nonsinusoidal load currents to existing transformers and 
will clarify the requirements for specifying new transformers to supply nonsinusoidal loads. 


1.1 Scope 


This recommended practice applies only to two winding transformers covered by IEEE Std C57.12.00-1993, 
TEEE Std C57.12.01-1998, and NEMA ST20-1992. It does not apply to rectifier transformers. 


1.2 Purpose 

The purpose of this document is to establish uniform methods for determining the capability of transformers 
to supply nonsinusoidal load currents of known characteristics. 

2. References 


This recommended practice should be used in conjunction with the following publications. If the following 
publications are superseded by an approved revision, the revision shall apply. 


IEEE Std 100-1996, IEEE Standard Dictionary of Electrical and Electronics Terms, Sixth Edition. 
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TEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power, 
and Regulating Transformers. ! 


TEEE Std C57.12.01-1998, IEEE Standard General Requirements for Dry-Type Distribution and Power 
Transformers Including Those with Solid Cast and/or Resin-Encapsulated Windings. 


TEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution Trans- 
formers. 


TEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regu- 
lating Transformers and IEEE Guide for Short Circuit Testing of Distribution and Power Transformers. 


TEEE Std C57.12.91-1995, IEEE Standard Test Code for Dry-Type Distribution and Power Transformers. 
TEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers. 


NEMA ST20-1992, Dry-Type Transformers for General Applications.” 


3. Definitions 


All definitions are in accordance with IEEE Std 100-1996, or are in accordance with the standards quoted in 
the text. 


3.1 Letter symbols 


Fur Harmonic loss factor for winding eddy currents 
Fut-str Harmonic loss factor for other stray losses 
Harmonic order 
Nmax Highest significant harmonic number (Aya, = 25) 
RMS load current (amperes) 
i, RMS fundamental load current (amperes) 
Ty RMS current at harmonic “h” (amperes) 
Tina Maximum permissible rms nonsinusoidal load current (amperes) 
IR RMS fundamental current under rated frequency and rated load conditions (amperes) 
Ii_R High voltage (HV) rms fundamental line current under rated frequency and rated load 
conditions (amperes) 
lh_R Low voltage (LV) rms fundamental line current under rated frequency and rated load 
conditions (amperes) 
It RMS test current (amperes) 
V_y HV rms test current (amperes) 
lh_y LV rms test current (amperes) 
PEc Winding eddy-current loss (watts) 
PEcC_R Winding eddy-current loss under rated conditions (watts) 
PEc_o Winding eddy-current losses at the measured current and the power frequency (watts) 
P PR loss portion of the load loss (watts) 
Poc Total calculated ’R losses at ambient temperature (watts) 
Po_pe LV calculated PR losses at ambient temperature (watts) 


EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, 
NJ 08855-1331, USA (http://www.standards.ieee.org/). 


?NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, Colorado 80112, USA 
(http://www.global.ihs.com/). 
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WHEN SUPPLYING NONSINUSOIDAL LOAD CURRENTS Std C57.110-1998 
Pac Measured impedance losses at ambient temperature (watts) 

Pip Load loss (watts) 

PUR Load loss under rated conditions (watts) 

Pi No load loss (watts) 

Post Other stray loss (watts) 

PosL-R Other stray loss under rated conditions (watts) 

Prs__R Total stray loss under rated conditions (watts) 

R DC resistance (ohms) 

Ry DC resistance measured between two HV terminals (ohms) 

R DC resistance measured between two LV terminals (ohms) 

9, Hottest-spot conductor rise over top-oil temperature (°C) 

Oo-R Hottest-spot conductor rise over top-oil temperature under rated conditions (°C) 

961 Hottest-spot HV conductor rise over top-oil temperature (°C) 

Qoi-R Hottest-spot HV conductor rise over top-oil temperature under rated conditions (°C) 

810 Top-oil-rise over ambient temperature (°C) 

OTo_R Top-oil-rise over ambient temperature under rated conditions (°C) 

(pu) This symbol modifier may be added to the listed symbols to represent a per-unit value of 


that quantity. Current quantities are referred to the rated rms load current Jp, and loss 
quantities are referred to the rated load PR loss density. e.g.: J,(pu) and PEc_p(pu). 


4. General considerations 


4.1 Transformer losses 


TEEE Std C57.12.90-1993 and IEEE Std C57.12.91-1995 categorize transformer losses as no-load loss 
(excitation loss); load loss (impedance loss); and total loss (the sum of no-load loss and load loss). Load loss 
is subdivided into /7R loss and “stray loss.” Stray loss is determined by subtracting the PR loss (calculated 
from the measured resistance) from the measured load loss (impedance loss). 


“Stray loss” can be defined as the loss due to stray electromagnetic flux in the windings, core, core clamps, 
magnetic shields, enclosure or tank walls, etc. Thus, the stray loss is subdivided into winding stray loss and 
stray loss in components other than the windings (Pog;_). The winding stray loss includes winding conductor 
strand eddy-current loss and loss due to circulating currents between strands or parallel winding circuits. All 
of this loss may be considered to constitute winding eddy-current loss, Pac. The total load loss can then be 
stated as 


Pry =P + Pret Post watts (1) 
4.1.1 Harmonic current effect on I2R loss 


If the rms value of the load current is increased due to harmonic components, the PR loss will be increased 
accordingly. 


4.1.2 Harmonic current effect on Pec 
Winding eddy-current loss (Pgc) in the power frequency spectrum tends to be proportional to the square of 
the load current and the square of frequency (see Crepaz [B5], Blume et al., [B3], Dwight [B6], and Bishop 


and Gilker [B2])° . It is this characteristic that can cause excessive winding loss and hence abnormal winding 
temperature rise in transformers supplying nonsinusoidal load currents. 


3The numbers in brackets preceded by the letter B correspond to those of the bibliography in Annex A. 
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4.1.3 Harmonic current effect on Pos, 


It is recognized that other stray loss (Pgsz) in the core, clamps, and structural parts will also increase at a rate 
proportional to the square of the load current. However, these losses will not increase at a rate proportional to 
the square of the frequency, as in the winding eddy losses. Studies by manufacturers and other researchers 
have shown that the eddy-current losses in bus bars, connections and structural parts increase by a harmonic 
exponent factor of 0.8 or less. Therefore, 0.8 will be used throughout this document.* Temperature rise in 
these regions will be less critical than in the windings for dry-type transformers. However, these losses must 
be properly accounted for in liquid filled transformers. 


4.1.4 DC Components of load current 


Harmonic load currents are frequently accompanied by a dc component in the load current. A dc component 
of load current will increase the transformer core loss slightly, but will increase the magnetizing current and 
audible sound level more substantially. Relatively small dc components (up to the rms magnitude of the 
transformer excitation current at rated voltage) are expected to have no effect on the load carrying capability 
of a transformer determined by this recommended practice. Higher dc load current components may 
adversely affect transformer capability and should be avoided. 


4.1.5 Effect on top oil rise 


For liquid-filled transformers, the top oil rise (O87Q), will increase as the total load losses increase with har- 
monic loading. Any increase in other stray loss (Pogsz) will primarily affect the top oil rise. 


4.2 Transformer capability equivalent 


The transformer capability established by following the procedures in this recommended practice is based on 
the following premises: 


1) The transformer, except for the load harmonic current distribution, is presumed to be operated 
in accordance with “Usual Service Conditions” in IEEE Std C57.12.00-1993 or IEEE Std 
C57.12.01-1998. 

2) The transformer is presumed to be capable of supplying a load current of any harmonic content 
provided that the total load loss, the load loss in each winding, and the loss density in the region 
of the highest eddy-current loss do not exceed the levels for full load, rated frequency, sine 
wave design conditions. It is further presumed that the limiting condition is the loss density in 
the region of highest winding eddy-current loss; hence, this is the basis used for establishing 
capability equivalency. 


4.3 Basic data 


In order to perform the calculations in this recommended practice, the characteristics of the nonsinusoidal 
load current must be defined either in terms of the magnitude of the fundamental frequency component or the 
magnitude of the total rms current. Each harmonic frequency component must also be defined from power 
system measurements. In addition, information on the magnitude of winding eddy-current loss density must 
be available. 


4See Annex D, paragraph 2 for additional information on this topic. 

>The simple methods of calculation of transformer capability equivalent given in this document assume that eddy currents at all har- 
monic frequencies generate loss in a constant path resistance. In fact, skin effect becomes more pronounced as frequency increases and 
eddy-current loss is smaller than predicted. Thus, the methods presented in this document become increasingly conservative at the 
higher harmonic included in the calculation, particularly those above the 19th. 
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4.4 Transformer per-unit losses 


Since the greatest concern about a transformer operating under harmonic load conditions will be for over- 
heating of the windings, it is convenient to consider loss density in the windings on a per-unit basis (base 
current is rated current and base loss density is the PR loss density at rated current). Thus Equation (1) 
applied to rated load conditions can be rewritten on a per-unit basis as follows: 


Piy-p(pu) = 1+ PEc_r(pu) + Post_r(pu) pu (2) 


Given the eddy-current loss under rated conditions for a transformer winding or portion of a winding, 
(PEc_R), the eddy-current loss due to any defined nonsinusoidal load current can be expressed as 


Pre Peep > (7) h’ watts (3) 


The FR loss at rated load is one per-unit (by definition). For nonsinusoidal load currents, the equation for the 
rms current in per-unit form (base current is rated current), will be: 


I(pu) = I,(pu)? pu (4) 


Equation (3) can also be written in per-unit form (base current is rated current and base loss density is the 
PR loss density at rated current): 


h = Amax 


Prc(pu) = Prc_ (pu) s 1,(pu)? h? pu (5) 
h=1 


4.5 Transformer losses at measured currents 


Equations (2) through (5) assume that the measured application currents are taken at the rated currents of the 
transformer. Since this is seldom encountered in the field, a new term is needed to describe the winding eddy 
losses at the measured current and the power frequency, Pgc_o¢. Three assumptions in addition to the basic 
premises of the Transformer Capability Equivalent are necessary to clarify the use of this term: 


1) The eddy losses are approximately proportional to the square of the frequency. This assumption 
will cause any subsequent equations to be accurate for small conductors and low harmonics, 
with errors on the high side, for a combination of larger conductors and higher harmonics. 

2) The eddy losses are a function of the current in the conductors. Any equation for loss can then 
be expressed in terms of the rms load current, /. 

3) Superposition of eddy losses will apply, which will permit the direct addition of eddy losses 
due to the various harmonics. 


Equations (3) and (5) may now be written more generally in the following equation: 


Pro = Pae_o » (+) h’ watts (6) 
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By removing the rms current term, / from the summation, the equation becomes 


a watts (7) 


h = Nnax 


» [, amperes (8) 
=1 


h 


The rms current term, J may be expressed in terms of the component frequencies 


h = Nineg 
F432: 
yh 
- h=1 
Pc = Pac_o X jap Fa watts (9) 
2 
Ty 
h=1 


4.6 Harmonic Loss Factor® for winding eddy currents 


It is convenient to define a single number which may be used to determine the capabilities of a transformer 
in supplying power to a load. Fy, is a proportionality factor applied to the winding eddy losses, which rep- 
resents the effective rms heating as a result of the harmonic load current. Fy is the ratio of the total eddy- 
current losses due to the harmonics, (Pc), to the eddy-current losses at the power frequency, as if no har- 
monic currents existed, (PEc_o). This definition in equation form is 


LO ie let = (10) 


Equation (10) permits Fy, to be calculated in terms of the actual rms values of the harmonic currents. Vari- 
ous measuring devices permit calculations to be made in terms of the harmonics normalized to the total rms 
current or to the first or fundamental harmonic. Equation (10) may be adapted to these situations by dividing 
the numerator and denominator by either /,, the fundamental harmonic current, or by /, the total rms current 
I,. These terms may now be applied to Equation (10) term by term, resulting in Equations (11) and (12). 


n=l 
hah (11) 


I 
Note that the quantity a may be directly read on a meter, by passing the computation procedure. 
1 


©The Harmonic Loss Factor is similar but not identical to the K-factor referenced in other standards. For a comparison of the Harmonic 
Loss Factor with the K-factor definition referenced in UL standards, see Annex B. 
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Pa 
a ae (12) 


In either case, Fy, remains the same value, since it is a function of the harmonic current distribution and is 
independent of the relative magnitude. Two examples may be used to clarify these definitions. In both exam- 
ples a nonsinusoidal load current of 1804 A rms will be used as the rated current. The load may be described 
by the following harmonic distribution, normalized to the rms load current of 1804 A: 


The calculation is tabulated as follows: 


0.9570 


0.0290 


0.0120 


0.0020 


0.00078 


0.00023 


0.00010 


1.000 
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The summation of the third column, (J De is equal to 1.000 and represents the rated rms load on a per-unit 
basis. The Harmonic Loss Factor for this harmonic distribution is 


S376. 


F = ——— = 
HL 1,000 


This same loading example may also be described in terms of the harmonic currents normalized to the har- 
monic current of the fundamental frequency, as follows: 


Note that the values of the harmonic current, /,,, are the same in both examples, but the normalized values are 


different since these values are normalized to the harmonic current of the fundamental frequency. The calcu- 
lation is tabulated as follows: 
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Whether the individual harmonic currents are normalized to the rms load current J, or to the fundamental 
load current J,, the value of harmonic loss factor is the same: 
_ 2.726 _ 2.8494 _ 
HL ™ 1,000 ~ 1.0459 ~ 


4.7 Harmonic Loss Factor for other stray losses 


Although the heating due to other stray losses is generally not a consideration for dry-type transformers, it 
can have a substantial effect on liquid-filled transformers. A relationship similar to the Harmonic Loss Factor 
for winding eddy losses exists for these other stray losses in a transformer, and may be developed in a similar 
manner. However, the losses due to bus bar connections, structural parts, tank, etc. are proportional to the 
square of the load current and the harmonic frequency to the 0.8 power, as stated in 4.1.3. This may be 
expressed in a form similar to Equation (3). 


2 
0.8 
Pogo Pace 5 (7) n°® watts (13) 
h=1 


The equations corresponding to the Harmonic Loss Factor, normalized to the fundamental current and nor- 
malized to the rms current respectively are 


Fut-str = heh (14) 


Fut-str = othe (15) 


max 2 
ae 
h=1 


Using the harmonic distribution from the last example of the previous section, the calculation is tabulated for 
the normalized fundamental current base, as follows: 


1.0000 1.00000 

3.6239 0.11098 

4.7433 0.05739 

6.8095 0.01379 

7.7831 0.00655 

9.6463 0.00217 

10.5439 0.00105 

1.1919 
1.1919 _ 
Fur-—str = 10459 > 
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5. Design considerations for new transformer specification 


5.1 Harmonic current filtering 


When it is practical, the user may install filters on the secondary line to reduce some of the harmonic load 
currents supplied to the transformer. If one of the harmonic frequencies is close to the resonant frequency 
resulting from the filtering circuit, current amplification at this frequency may occur. 


5.2 Impact on the neutral 


When the harmonic current frequencies include harmonic orders having multiples of three (3, 6, 9, etc.), zero 
sequence currents flow in the neutral. Over-sizing of this neutral may be required. In those circumstances, a 
common practice is to double the neutral ampacity. 


5.3 Power factor correction equipment 


Power factor correction equipment is frequently installed to decrease utility costs. Care should be taken 
when this is done, since current amplification at certain frequencies due to resonance in the circuit can be 
quite high. In addition, the inductance which is reduced in the circuit generally allows higher harmonic cur- 
rents to exist in the system. Harmonic heating effects from these conditions may be damaging to transform- 
ers and other equipment. The additional losses produced may also increase utility costs due to increased 
wattage requirements, even though the load power factor was improved. 


5.4 Electrostatic ground shields 


Electrostatic ground shields are frequently specified between the primary and secondary windings. The pres- 
ence of electrostatic ground shields tends to reduce capacitive coupling between the windings. This reduces 
the coupling of transients between the two windings. Line disturbances produced by converter equipment 
connected to the transformer secondary will be reduced, but will not be eliminated on the primary side of the 
transformer. The shields are not intended to reduce harmonic currents, but by virtue of their magnetic cou- 
pling to windings carrying such currents, additional heating losses are induced. The electrostatic shields are 
a supplement but not necessarily a replacement for harmonic current filtering. Therefore, filtering may still 
be needed to achieve the desired power quality. 


The electrostatic shields also serve as protection to the secondary side of the transformer from transients that 
may be impressed on the high-voltage winding. This is especially important for transformers with 
ungrounded secondaries. Transients on the high-voltage side of a transformer can dramatically increase the 
surge voltage seen on an ungrounded secondary winding from what may have been expected for a grounded 
winding. This may damage transformer windings and parts or equipment connected on the secondary side of 
the transformer. The presence of an electrostatic ground shield between the primary and secondary windings 
reduces the magnitude of the transient coupled to the secondary windings. 


5.5 Design consideration outside the windings 


Harmonic currents can substantially increase the stray losses in structural parts outside of the windings. 
Additional clearances, the use of non-magnetic materials in place of mild steel, the break up of potential cir- 
culation current paths, and the use of shielding materials should all be considered as ways to reduce the 
effects of harmonic current heating in structural parts. These other stray losses, Pog, must be included in 
the losses used to determine top oil rise, A079, under harmonic loading conditions. 
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5.6 Harmonic spectrum analysis 


It is preferred that the harmonic spectrum to which the transformer will be subjected be specified to the 
transformer manufacturer at the time of quotation. An accurate analysis for proper sizing of the transformer 
can only be made by evaluating the specific harmonic spectrum. If the spectrum cannot be supplied, then the 
user’s calculation or estimate of Fy, should be specified. However, the unit will likely be conservatively 
sized to compensate for the lack of specific loading information. The specifying engineer must supply this 
loading information, since the transformer manufacturer cannot assume values with no real knowledge of 
the system to which the transformer will be applied. For liquid-filled transformers, stray losses other than the 
winding eddy losses contribute to heating of the oil. Since Fy spp is calculated with a different exponent, 
the value of this factor must also be supplied by the specifying engineer if no spectrum analysis is provided. 
The harmonic spectrum supplied should be identified as to whether it is measured on the primary or second- 
ary side of the transformer. If the harmonic spectrum is provided in per-unit form, then the fundamental 
should be defined at the rated frequency of the transformer specified. 


5.7 Design consideration in the windings 


Since harmonic currents can substantially increase the eddy-current losses in the windings, this increase of 
losses must be considered in the temperature rise calculation when a new transformer is specified. For each 
winding, the per-unit eddy-current losses in the region of highest loss density can be defined for rated fre- 
quency operation at rated current by the transformer manufacturer in terms of Equation (2), with Posy _p(pu) 
equal to zero (since there is no other stray loss in the windings by definition). The per-unit loss density in 
these regions of highest eddy-current loss can then be recalculated for the defined nonsinusoidal load current 
by combining Equations (2),(5),(8), and (11). 


Py, (pu) = I(pu)” x (14+ Fu x Pec_p(pu)) pu (16) 


To adjust the per-unit loss density in the individual windings, the effect of Fyy;, must be known on each wind- 
ing. Thus the low voltage winding, with its larger conductor cross section may start with a lower loss density 
and a lower temperature rise, but may increase more than the high-voltage winding and exhibit the hottest 
spot in the transformer for harmonic loads. That is to say, there is one value of Fy, for the load, but the 
effects on different transformers and different windings within the same transformer can be different. For 
liquid-filled transformers, heating of the oil by stray losses other than the eddy losses also affects the temper- 
ature rise of the windings. 


In these mentioned regions, considering the per-unit loss density obtained by Equation (16) with a nonsinu- 


soidal load current of 1 (pu) rms magnitude, limits of temperature and temperature rise given in IEEE Std 
C57.12.00-1993 and IEEE Std C57.12.01-1998 must be met. 
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6. Recommended procedures for evaluating the load capability of existing 
transformers’ 


6.1 Transformer capability equivalent calculation using design eddy-current loss 
data 


6.1.1 Typical calculations for dry-type transformers 


The per-unit eddy-current loss in the region of highest loss density can be defined for rated frequency opera- 
tion at rated current by the transformer manufacturer in terms of Equation (2), with Pos; _p(pu) equal to zero 
(since there is no other stray loss in the windings by definition). 


The per-unit value of nonsinusoidal load current that will make the result of the Equation (16) calculation 
equal to the design value of loss density in the highest loss region for rated frequency and for rated current 
operation is given by Equation (17). This assumes that the normal life of the unit will be maintained. How- 
ever, it is permissible to overload a unit with a resulting loss of life, and there are loading guides for this pur- 
pose. 


Pry _R(pu) 
Pas oo 17 


Two examples illustrate the use of these formulas. Given a nonsinusoidal load current with the following 
harmonic distribution, determine the maximum load current that can be continuously drawn (under standard 
conditions) from an IEEE standard transformer having a rated full load current of 1200 A and whose wind- 
ing eddy-current loss under rated conditions (Pgc¢_p) at the point of maximum loss density is 15% of the 
local 7R loss. 


7The user is cautioned that local and national electrical codes should be consulted before any installed unit is officially “derated,” such 
as changing the nameplate. Some units may not be “derated” without violating these codes. 
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The maximum per-unit local loss density under rated conditions, P;;p(pu) is then 1.15 pu. Equations (16) 
and (17) require values for 1,(pu)’, h’, and 1,(pu)7h?. These can be calculated and tabulated as follows: 


From Equation (16), the local loss density for the nonsinusoidal load current is: 


Py 7, (pu) = 1.069 x (1 + 3.123 x 0.15) = 1.569 pu 


and the maximum permissible nonsinusoidal load current with the given harmonic composition, from Equa- 
tion (17), is: 


1.15 
Ps =e aoa as 
max(PY) = 53993 x 0.15 


or 
Tmax = 0.885 x 1200 = 1062 A 


Thus, with the given nonsinusoidal load current harmonic composition, the transformer capability is approx- 
imately 89% of its sinusoidal load current capability. 
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The following example of a nonsinusoidal load current has a strong third harmonic content with the follow- 
ing harmonic distribution: 


Determine the maximum load current that can be continuously drawn (under standard conditions) from a 
225 kVA standard transformer having a rated full load secondary current of 624.5 A and whose average 
winding eddy-current loss under rated conditions (Pgc_p) at the point of maximum loss density is 11.7% of 
the local PR loss. 


The maximum per-unit local loss density under rated conditions, P;;_p(pu) is then 1.117 pu. Equations (16) 
and (17) require values for I,(pu)’, h’, and I,(pu)7h?. These can be calculated and tabulated as follows: 


0.93896 


0.13469 


0.12532 


0.01040 


0.00078 


0.01210 


0.00503 


0.00067 


0.00323 


0.00223 


1.2334 
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From Equation (16), the local loss density for the nonsinusoidal load current is 
Py, (pu) = 1.233 x (1. 8.156 x 0.117) = 2.410 pu 


and the maximum permissible nonsinusoidal load current with the given harmonic composition, from Equa- 
tion (17), is 


L117 
I = fe 
mex(PY) = 753756 x O117 


or 


Imax = 0-756 x 624.5 =472.1.A 


Thus, with the given nonsinusoidal load current harmonic composition, the transformer capability is approx- 
imately 76% of its sinusoidal load current capability. 


6.1.2 Typical calculations for liquid-filled transformers 


The calculations for liquid-filled transformers are similar to the dry-type, except the effect of all stray losses 
must be addressed. As indicated by equations in IEEE Std C57.91-1995, for self-cooled ONAN* mode, the 
top oil rise is proportional to the total losses to the 0.8 exponent and may be estimated for the harmonic 
losses, based on rated load and losses as shown below. 


Pip +P 0.8 
0... = 0 =“ ) °C 18 
a TOES Pip-rt Pn me 
where 
Puy = P+Fy =X PectFup_str * Pos, watts (19) 


The winding hot spot conductor rise is also proportional to the load losses to the 0.8 exponent and may be 
calculated as follows: 


Pr (pug 98 
0, =8 ————— °C 20 
= 5-2 (Fo) 20 
This may then be written as 
1+Fy xP u), 08 
0, = 0, nx (te nc nD) °C (21) 
8 8 1+ Pec_p(pu) 


56o7ihGlpuesignated as OA. 
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As an example, a 65 °C average winding rise, 80 °C hottest spot rise oil-filled transformer was designed for 
a specified harmonic current content. After installation, the actual harmonic currents were measured and the 
current spectrum was supplied to the manufacturer with a request to check the temperature rises. At rated 
load and 60 Hz, the tested losses were 


No load 4072 W 
PR 27 821 W 
Stray and eddy loss 4 060 W 
Total loss 35 953 W 


The measured temperature rises above ambient were 


HV average rise 48.1 °C 
LV average rise 47.6 °C 
Top-oil rise 47.2 °C 
Hot spot conductor rise 55.3 °C 


The harmonic distribution was determined at a load, which was approximately 100% of the magnitude of the 
fundamental current. The distribution, normalized to the fundamental, was supplied as follows: 
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The calculations to determine the Harmonic Loss Factors for the winding eddy losses and the other stray 
losses are tabulated below. 


1.000000 1.000000 1.000000 1.000000 


0.123201 1.108809 2.408225 0.296696 


0.028561 0.714025 3.623898 0.103502 


0.014641 0.717409 4.743276 0.069446 


0.008372 0.678152 5.799546 0.048555 


0.005069 0.613402 6.809483 0.034520 


0.002621 0.443023 7.783137 0.020403 


0.001806 0.406406 8.727161 0.015763 


0.001616 0.467036 9.646264 0.015589 


0.001498 0.540666 10.54394 0.015792 


0.001030 0.545087 12.28520 0.012659 


0.000818 0.511225 13.13264 0.010742 


1.189234 7.745241 1.643667 


The third column summation results in an rms current value of 1.09 pu. The fifth column summation results 
in a Harmonic Loss Factor for the winding eddy losses of 6.51, and the seventh column summation results in 
a Harmonic Loss Factor for the other stray losses of 1.38. 


An engineering analysis indicated the division of the eddy and other stray losses to be 


Eddy loss 316 W 
Other stray loss 3744 W 
Total stray loss 4060 W 


In order to determine the top-oil rise, the total losses must be corrected to reflect the higher rms current 
above the rated current and also the effects of the harmonic content. 


Pi (pu) = Pry_p(pu) x (1.09)? 
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Equation (19) is then tabulated as follows: 


Rated losses Load losses Harmonic Corrected 


Type of loss (watts) (watts) multiplier losses 


No-load 


PR 


Winding eddy 


Other stray 


Total losses 


The top-oil rise for the specified loading conditions may now be calculated by Equation (18): 


45687 


0.8 
35053) Be aie 


B19 = 41.2 x ( 


The maximum per-unit eddy loss occurred in the high-voltage winding and was calculated to be an average 
of 2% of the ohmic loss. Assuming that the maximum eddy loss at the hot spot region to be four times the 
average eddy loss would give an eddy loss of 8% of the ohmic loss density at the hot spot location. The hot 
spot conductor rise over top-oil temperature can be calculated by Equation (21). 


1+ 6.52 x 0.08 


0.8 
ane x 1.189} = 12.2°C 


6, = (55.3 - 47.2) x ( 


The hot spot conductor rise over ambient then becomes 


57.2 + 12.2 = 69.4 °C 


6.2 Transformer capability equivalent calculation using data available from certified 
test report 


In order to make the calculation with limited data, certain assumptions have been made that are considered 
to be conservative. These assumptions may be modified based on guidance from the manufacturer for a par- 


ticular transformer. 


1) The certified test report includes all data listed in the appendixes to IEEE Std C57.12.90-1993 or 
TEEE Std C57.12.91-1995. 


2) A portion of the stray loss, determined by the multipliers below, is assumed to be winding eddy-cur- 
rent loss. This is a conservative assumption and should not be followed if better data can be cited. 


a) 67% of the total stray loss is assumed to be winding eddy losses for dry-type transformers. 
b) 33% of the total stray loss is assumed to be winding eddy losses for oil-filled transformers. 


3) The FPR loss is assumed to be uniformly distributed in each winding. 
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4) The division of eddy-current loss between the windings is assumed to be as follows:? 


a) 60% in the inner winding and 40% in the outer winding for all transformers having a maximum 
self-cooled current rating of less than 1000 A (regardless of turns ratio). 


b) 60% in the inner winding and 40% in the outer winding for all transformers having a turns ratio 
of 4:1 or less. 


c) 70% in the inner winding and 30% in the outer winding for all transformers having a turns ratio 
greater than 4:1 and also having one or more windings with a maximum self cooled current rat- 
ing greater than 1000 A. 


5) The eddy-current loss distribution within each winding is assumed to be nonuniform.!° The maxi- 
mum eddy-current loss density is assumed to be in the region of the winding hottest-spot and is 
assumed to be 400% of the average eddy-current loss density for that winding. Finite element analy- 
ses and empirical data indicate that smaller ratings may show a uniform distribution of eddy-current 
loss (Hwang [B11]). 


As established in test codes IEEE Std C57.12.90-1993 and IEEE Std C57.12.91-1995, the stray loss compo- 
nent of the load loss is calculated by subtracting the PR loss of the transformer from the measured load loss. 
Therefore 


2 2 
Proper = Pur-r-K x[Ui_r) x Ri +Uo_p) x Ry] watts B (22) 
where 


K = 1.0 for single-phase transformers 
= 1.5 for three-phase transformers 


By assumption 2) of this section, a portion of the stray loss is taken to be eddy-current loss. For dry-type 
transformers, the winding-eddy loss is assumed to be: 


Prco_r = Prs__p x 0.67 (23) 
For oil-filled transformers, the winding eddy loss is assumed to be 

Prc_r = Prsi_p x 9.33 watts (24) 
The other stray losses are then calculated as follows: 


Post-r = Prsp-r-Pec-r watts (25) 


aN high percentage of the leakage flux flowing axially in and between the windings is attracted radially inward at the ends of the wind- 
ings because there is a lower reluctance return path through the core leg than through the unit permeability space outside the windings. 
As a result, the highest magnitude of the radial component of leakage flux density (and highest eddy loss) occurs in the end regions of 
the inner winding. In the absence of other information, the inner winding may be assumed to be the low-voltage winding. The eddy-loss 
distribution assumptions 4) and 5) are very conservative. 


10See footnote 8. 


'INOTE—Many test reports for three-phase transformers show the resistance of three phases in series. In these cases values for Rj and 
Ry may be calculated as follows: 


Delta winding: R, or Ry = 2/9 of three-phase resistance 
Wye winding: R, or R> = 2/3 of three-phase resistance 
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The low-voltage (inner) winding eddy-current loss can be calculated from the value of Pgc_p determined 
from Equations (23) or (24) as either 0.6 Pgac_p watts or 0.7 Pac_p watts, depending on the transformer 
turns ratio and current rating. Since by assumption 3) above, the PR loss is assumed to be uniformly distrib- 
uted within the winding, and by assumption 5), the maximum eddy-current loss density is assumed to be 
400% of the average value, the low voltage winding eddy-current loss in per unit of that winding’s PR loss 
will be either 


2.4 x Pao_ 
Pro_p(pu) = a pu (26) 
Kx(1,_p) xR, 


or 


DOM oes 
Pyc_p(pu) = ————S—*— pu (27) 
Kx(I,_p) xR, 


The winding eddy losses for the outer or HV winding may be calculated in a similar manner. For liquid- 
filled transformers, Equation (21) becomes 


14+2.4x Fy, xP u), 08 
O51 = O1-e*(—pyag ep pc=R(P 7 aC (28) 
g g 1+2.4x Pec_p(pu) 
or 
14+2.8x Fup x Pec_p(pu)y\ 8 5 
oa = Soa oar a c (29) 


6.2.1 Typical calculations for dry-type transformers 


Given a nonsinusoidal load current with the following harmonic distribution: 
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Determine the maximum load current that can be continuously drawn (under standard conditions) from an 
IEEE Std C57.12.01-1998 dry-type transformer with the following characteristics taken from the certified 
test report. 


—  High-voltage winding 

13 800 V Delta 

Resistance = 2.0679 Q @ 100 °C* 
— Low-voltage winding 

480 V Wye 

Resistance = 0.000589 Q @ 100 °C* 
— Rated capacity 

2500 kVA, three-phase, 80 °C rise 

Type AA 
— Load losses at 100 °C = 15 723 W 


(*Resistances are the sum of the three phases in series.) 


— Values for R, and Ry can be determined using the note in 6.2: 
R, =0.4595 Q Ry =0.000393 Q 
— Values for I,_p and I5_p calculated from kVA and voltage ratings are as follows: 
Ii_R = 104.6 A lhR = 3007 A 
— The total stray loss can be calculated from Equation (22) as follows: 
Prs_p = 15723 -1.5 x (104.67 x 0.4595 + 30077 x 0.000393) 
Prs_p = 15.723 - 1.5 x (5027 + 3554) 
Prsp_p = 15 723 - 12 872 = 2851 W 
— The winding eddy loss is then calculated by assumption 2) in 6.2 and by Equation (23). 
PEc_pr = 2851 x 0.67 = 1910 W 


Since the transformer turns ratio exceeds 4:1 and the secondary current exceeds 1000 A, the low-voltage 
winding eddy-current loss is 0.7 times Pgc_p and Max PR@ggcpy be calculated from Equation (27) as fol- 
lows: 


2.8 x 1910 _ 


Max Pac_e(PU) = Ts gs6q = 
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As in the previous example, values for I, (pu), h?, and 1,(pu)*h? are required for the calculation of P,; (pu) 
from Equation (16). These are calculated and tabulated as follows: 


1.000 1.0000 


0.00194 0.00776 


0.00846 0.07614 


0.00048 0.00765 


0.16974 4.24350 


0.00032 0.01152 


0.03960 1.9404 


0.00010 0.0064 


0.00032 0.02592 


0.00023 0.02300 


0.00212 0.25652 


0.00010 0.01440 


0.00230 0.38870 


1.226 8.002 


Applying the 3rd column summation in Equation (8) gives an rms value of the nonsinusoidal load current of 
1.107. From Equation (16), the local loss density produced by the nonsinusoidal load current in the region of 
highest eddy-current loss is 


Pry (pu) = 1.226 x (1 + 1.003 x 6.528) = 9.253 pu 


Thus, the rms value of the maximum permissible nonsinusoidal load current with the given harmonic com- 
position, from Equation (17), is 


2.003 
-. Si fin SAO 2 sia ke 
max(PU) = 598 x 1.003 


or 


Imax = 0-515 x 3007 = 1549 A 


In this case, the transformer capability with the given nonsinusoidal load current harmonic composition is 
approximately 52% of its sinusoidal load current capability. 
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6.2.2 Typical calculations for liquid-filled transformers 


The next example illustrates the corrected temperature rise calculations for a liquid-filled transformer, meet- 
ing IEEE Std C57.12.00-1993, with the following characteristics taken from the certified test report. 


High-voltage winding 
34 500 V Delta 
Resistance = 18.207 Q @ 75 °C* 
— Low-voltage winding 
2400 V Wye 
Resistance = 0.024910 @ 75 °C* 
— Rated capacity 
2500 kVA, three-phase, 55 °C average winding rise, 65 °C hottest spot rise 
Type OA 
— No-load losses = 5100 W 
— Load losses at 75 °C = 21941 W 
—  (*Resistances are the sum of the three phases in series.) 


— Values for R, and R, can be determined using the note in 6.2: 
R, =4.046@2 R,=0.01661 Q 
— Values for /,_p and J5_p calculated from kVA and voltage ratings are as follows: 
Lp=418A bp=6014A 
— The total stray loss can be calculated from Equation (22) as follows: 
Prsp_p = 21 941 - 1.5 x (41.87 x 4.046 + 601.47 x 0.01661) 
Prst_p = 21 941 - 1.5 x (7069 + 6008) 
Prsy_p = 21 941 - 19 615 = 2326 W 
— The winding eddy loss is then calculated by assumption 2) in 6.2 and by Equation (24). 
Prc_p = 2326 x 0.33 = 767 W 
— By Equation (25), the other stray losses are: 
Posi_p = 2326 — 767 = 1559 W 


The data may be tabulated as follows: 


No load 5100 W 
PR 19615 W 
Stray and eddy loss 2326 W 
Total loss 27 041 W 


The assumed temperature rises above ambient are 


HV and LV average rise 55 °C 
Top-oil rise 55 °C 
Hot spot conductor rise 65 °C 


Copyright © 1999 IEEE. All rights reserved. 23 


IEEE 
Std C57.110-1998 IEEE RECOMMENDED PRACTICE FOR ESTABLISHING TRANSFORMER CAPABILITY 


The harmonic distribution was determined at a load which was approximately 75% of the magnitude of the 
fundamental current. The distribution, normalized to the fundamental, was supplied as follows: 


The calculations to determine the Harmonic Loss Factors for the winding eddy losses and the other stray 
losses are tabulated below. 


1.000000 1.000000 1.000000 1.000000 


0.205209 1.846881 2.408225 0.494189 


0.071289 1.782225 3.623898 0.258344 


0.034596 1.695204 4.743276 0.164098 


0.008372 0.678152 5.799546 0.048555 


0.005069 0.613402 6.809483 0.034520 


0.002621 0.443023 7.783137 0.020403 


0.001806 0.406406 8.727161 0.015763 


0.001616 0.467036 9.646264 0.015589 


0.001498 0.540666 10.54394 0.015792 


1.332077 9.472996 2.067254 


The third column summation results in an rms current value of 1.15 pu. The fifth column summation results 
in a Harmonic Loss Factor for the winding eddy losses of 7.11, and the seventh column summation results in 
a Harmonic Loss Factor for the other stray losses of 1.55. 
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The division of the eddy and other stray losses is tabulated as follows: 


Eddy loss 767 W 
Other stray loss 1559 W 
Total stray loss 2326 W 


IEEE 
Std C57.110-1998 


In order to determine the top-oil rise, the total losses must be corrected to reflect the lower rms current below 
the rated current and also the effects of the harmonic content. The rms current corrected for the 75% load 
results in the following multiplier to determine losses at the specified load conditions: 


Py (pu) = 1.15% x 0.75% = 0.744 


Equation (19) is tabulated as follows: 


Type of loss 


Rated losses 
(watts) 


Rated losses 
(watts) 


Harmonic 
multiplier 


No-load 


Corrected 
losses 


PR 


Winding 
eddy 


Other stray 


Total losses 


The top-oil rise may now be calculated by Equation (18). 


The rated inner or LV winding losses can be calculated as follows: 
]h_R? R= 1.5 x 601.47 x 0.01661 = 9011 W 
The losses under the specified load conditions are 


1,7 R= 9011 x (1.15 x 0.75)? = 6704 W 


By assumption 4) in 6.2, since the currents are less than 1000 A, it is assumed that 60% of the winding eddy 
losses are in the LV winding. The maximum eddy loss at the hot spot region is assumed to be four times the 
average eddy loss. The hot spot conductor rise over top-oil temperature can be calculated by Equation (20) 


and (26), using watts rather than per unit values. 
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0.8 0.8 
0, = (65-55) x oe + 4060 x = = 10 ve + 9744 


9011 + 767 x 2.4 conniea) Sie 


The hot spot conductor rise over ambient then becomes 
52.6 + 13.9 = 66.5 °C 


NOTE—This temperature rise exceeds the limit of the rated 65 °C hottest spot rise. 


6.3 Neutral bus capability for nonsinusoidal load currents that include third 
harmonic components 


The presence of third harmonic components in the nonsinusoidal load current composition can introduce 
zero-sequence currents into the neutral bus of a wye-connected transformer. Excessive heating of the neutral 
bus may occur when the cumulative magnitude of the zero-sequence current for all phases exceeds the neu- 
tral bus capability. 


When third harmonic components are found to be present in the nonsinusoidal load current for wye con- 
nected transformers, a measurement of the neutral bus ampacity is recommended to determine the magni- 
tude of the zero-sequence current. The transformer manufacturer may then be consulted to determine the 
capability of the neutral bus to carry the zero-sequence current. 
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(informative) 


Comparison of UL K-factor definition and IEEE Std C57.110-1998 
Harmonic Loss Factor definition 


B.1 UL Definition of K-Factor 


The definition for the K-factor rating for dry-type transformers is given in UL 1561-1994 and UL 1562- 
1994. Per Paragraph 7B.1 added to UL 1562 on May 12, 1992, UL defines K-factor as follows:!? 


1) “K-FACTOR—A rating optionally applied to a transformer indicating its suitability for use 
with loads that draw nonsinusoidal currents.” 


oo 


2) “The K— factor equals s 1,(pu)y h? 


h=1 
where 
[,(pu) =the rms current at harmonic “h” (per unit of rated rms load current); 
h = the harmonic order.” 


3) “K-factor rated transformers have not been evaluated for use with harmonic loads where the 
rms current of any singular harmonic greater than the tenth harmonic is greater than 1/h of the 
fundamental rms current.” 


B.2 Relationship between K-factor and Harmonic Loss Factor 


The UL definition of K-factor is based on using the transformer rated current in the calculation of per-unit 
current in the above equation. Substituting the rated current into the UL equation for the K-factor gives 


2 Digrco 4 ing 

K-factor = J a Waa Sty (B-1) 
h=1 h=1 

where 


Ip = rated rms load current of transformer. 


The Harmonic Loss Factor, as defined by IEEE Std C57.110-1998, is given by Equation (11) as follows: 


h=h 


max I 2 2 
Aral 


The following standards should be consulted for a complete description of UL requirements for K-factor rated dry-type transformers: 
1. UL 1561-1994, Dry-Type General Purpose and Power Transformers. 
2. UL 1562-1994, Transformers, Distribution, Dry-Type—Over 600 Volts. 
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I, is aconstant and may be moved in front of the summation sign and eliminated as shown in Equation (B-2). 


aimee 2 h= hoax 
2 2 
2 SY fyh YS ivh 
F _ ‘1 hel — hel (B-2) 
HL — 4 h=Npax ae ae 
2; 2 
oe > 
I, h=1 h=1 


=Fy Sty (B-3) 


K- factor = | =L— |Fy, (B-4) 


The above equation gives the relationship of the Harmonic Loss Factor to the UL K-factor. The Harmonic 
Loss Factor is a function of the harmonic current distribution and is independent of the relative magnitude. 
The UL K-factor is dependent on both the magnitude and distribution of the harmonic current. For measure- 
ments of harmonic currents in existing installations the numerical value of the K-factor is different from the 
numerical value of the Harmonic Loss Factor. For a set of harmonic load current measurements the calcula- 
tion of the UL K-factor is dependent on the transformer rated secondary current. For a new transformer with 
harmonic currents specified as per unit of the rated transformer secondary current the K-factor and Har- 
monic Loss Factor have the same numerical values. The numerical value of the K-factor equals the numeri- 
cal value of the Harmonic Loss Factor only when the square root of the sum of the harmonic currents 
squared equals the rated secondary current of the transformer. 
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B.3 Example calculations 
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Assume an existing installation with a 2500 kVA, 480 V three-phase dry-type transformer. Harmonic load 
current measurements were made as given in the table below. The K-factor is calculated as shown below. 


Ip = 3007.1A 


0.5866117 


0.3441133 0.3441133 


0.1025905 


0.0105248 0.2631205 


0.0648 133 


0.0042008 0.2058373 


0.0264009 


0.0006970 0.0843376 


0.0168002 


0.0002822 0.0476999 


0.0089987 


0.00008 10 0.0234023 


0.0058794 


0.0000346 0.0124789 


= = K-factor = 


Similar calculations may be made for other transformer kVA ratings applied to the same set of harmonic 
load current measurements as shown above. For transformers rated less than 1500 kVA, the rms value of the 
harmonic load currents exceeds the rated transformer current. The results are summarized below for the 
same set of harmonic current measurements. The Harmonic Loss Factor is calculated as shown in 4.6. 


Ip-rated 
current 


K-factor 


Harmonic 
Loss Factor 


Fai 
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Annex C 


(informative) 


Temperature rise testing procedures 


C.1 Proposed method of performing a rigorous temperature rise test!3 


The temperature rise test with harmonic secondary load should be made under normal service conditions of 
the equipment, with the unit fully assembled and with its normal means of cooling. Liquid filled transform- 
ers will be filled to their proper liquid level. If transformers are equipped with thermal indicators, bushing- 
type current transformers, or the like, such devices should be assembled with the transformer. 


The conditions under which the temperature limits apply are stated in either IEEE Std C57.12.01-1998 or 
IEEE Std C57.12.00-1993 as applicable for dry or liquid-filled transformer types. Note that special tempera- 
ture rise limits may apply for certain high harmonic load test conditions; these limits should be agreed on by 
the manufacturer and the purchaser representative for specific applications only. Unless otherwise specified, 
all transformers should be tested in the combination of connections and taps that gives rise to the highest 
winding temperature rise in each test condition. 


C.1.1 Standard definitions and procedures 


Refer to either IEEE Std C57.12.91-1995 or IEEE Std C57.12.90-1993 for the standard definitions and pro- 
cedures as appropriate to the particular design. 


C.1.2 Transformer components temperature measurement 


Due to the rapid spatial variation of the temperature within, and on the surface of, the various transformer 
components, thermocouples in intimate contact are the preferred method of measuring temperature. The 
need for several thermocouples within the coils and core of the transformer will necessitate these being 
attached during the manufacture of the test specimen, due regard being made of the dielectric circumstances 
in the design and routing of the thermocouples. Detailed drawings of the location and method of attachment 
of all thermocouples should be included in the test report. Temperatures should be recorded at regular inter- 
vals, not exceeding 30 min. 


C.1.2.1 Winding temperature measurement 


Thermocouples should be attached directly to the winding turns, at locations determined from electromag- 
netic/thermal studies as having the highest expected temperature rises. Thermocouples should be fitted on 
three-phase transformers to at least the center phase and one outside phase winding group, and to both the 
primary and secondary coils on all transformers. The average temperature rise of the windings should be 
determined by the resistance method. 


'3This test procedure is provided as a reference for a rigorous test of the transformer temperature rise. However, transformer manufac- 
turers do not have the capability to test to this method, particularly as the size of the unit increases. Furthermore, at the time this docu- 
ment was developed, there have been reports of only a few small units having been tested according to this method. Nevertheless, the 
procedure provides a comparison to the more practical, but much less accurate alternatives listed later in this annex. It is also hoped that 
by documenting this procedure, an accurate reference may be provided by which more practical and more accurate methods of simu- 
lated load temperature rise testing might be developed. 
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C.1.2.2 Core temperature measurement 


Thermocouples should be attached directly to the core surfaces at locations determined from electromag- 
netic/thermal studies as having the highest expected temperature rises. These are expected to be inside the 
comers of the winding window in close proximity to the coils whose harmonic field strengths are concen- 
trated. The thermocouples should maintain firm contact with the surface and be thermally insulated from the 
surrounding medium. 


C.1.2.3 Structural and enclosure temperature measurement 


Thermocouples or thermometers should be placed to record the maximum exterior enclosure temperatures 
and the temperatures of internal structural parts susceptible to high temperature rises. In particular, iron or 
alloy parts in close proximity to terminals carrying large currents or to the magnetic core, should be moni- 
tored for their temperature rise. 


C.1.2.4 Liquid temperature measurement 


In liquid-filled transformers the top liquid temperature should be measured by a thermocouple or suitable 
thermometer immersed approximately 50 mm (2 in) below the top liquid surface. The average liquid temper- 
ature should be taken to be equal to the top liquid temperature minus half the difference in temperature of the 
moving liquid at the top and the bottom of the cooling means. Where the bottom liquid temperature cannot 
be measured directly, the temperature difference may be taken to be the difference between the surface tem- 
perature of the liquid inlet and outlet. 


C.1.3 Electrical loading conditions 


The intent of the temperature rise test under harmonically loaded conditions is to simulate, as closely as 
practical, the actual in-service conditions. In so doing, the specific current frequency spectra should be spec- 
ified for each loading condition to be tested, and these should be standardized or agreed by a specific cus- 
tomer. The primary winding is to be energized directly from a sinusoidal source, with the secondary winding 
loaded by a system capable of drawing the necessary harmonic currents. 


C.1.3.1 Primary winding source characteristics 


The primary winding should be directly connected to a power source whose open circuit voltage is sinusoi- 
dal, and equal to the rated voltage of the winding in its test tap connection. The impedance of the primary 
winding sources should be related to the rating of the transformer to be tested by the following procedure. 


Select the standard rating of a circuit breaker or switch whose rating is sufficient to supply the test trans- 
former, the standard ratings being chosen from those approved by NEMA. Denote these selected values as 


Vyated 20d Irateqs and hence calculate the rated circuit load impedance as 
V vated : Z 
Zi = for a three-phase circuit 
3 x1 rated 


The primary winding source impedance should then lie within the range of 10-20% by magnitude of the 
rated circuit load impedance, and the ratio of the source reactance to resistance should then lie between the 
values of 5 and 7. 


Example: 3.4 MVA, three-phase transformer, 3.8 kV primary voltage 
Rated primary current = 516.6 A 
Standard NEMA switch rating, 4.76 kV, 600 A 
Z, = 4.58 Q/phase 
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Minimum source impedance = 0.458 Q/phase consisting of 
complex impedance components in the range 0.090 + j 0.449 
to 0.065 + j 0.453 Q/phase. 


Maximum source impedance = 0.916 @2/phase consisting of 
complex impedance components in the range 0.180 + j 0.898 
to 0.130 + j 0.906 ©2/phase. 


In the case of a single phase transformer, the equivalent calculation should be carried out to the same principles. 


The primary winding source should not be modified in its natural harmonic or regulation response, so as to 
artificially affect the natural high frequency regulation of the source by the test transformer. The transient 
recovery voltage characteristics of the source are not specifically set, and it is believed that its effect is negli- 
gible to the out come of the test. Note that the primary source must be capable of providing the power to sup- 
port the losses in the test transformer and the secondary load circuit without over-load or a change of 
frequency of more than 2%. 


C.1.3.2 Secondary winding loading characteristics 


The secondary winding, or windings, should be connected to a continually rated loading system capable of 
drawing currents of the required magnitude and harmonic content. The loading system can consist of a com- 
bination of naturally commutating devices, or active switches, controlling the connection of linear or non- 
linear devices. The predominant use of reactors and capacitors as loading devices is favorable, as this 
reduces significantly the power demands on the primary winding source. 


For low harmonic content loading tests the use of natural commutating devices, in conjunction with reactor 
and resistive components has been found suitable. The transformer leakage reactance, stray cable and load 
resistor leakage reactance have to be accounted for in the circuit design. Appreciable external reactance will 
significantly reduce the harmonic content of the secondary currents. 


For high harmonic content loading tests it is necessary to use active switch devices to enable chopped pulses 
of current to be drawn from the secondary winding. Multiple loading circuits in parallel can be utilized to 
share the continuous load and to generate specific additive harmonic components. 


Note that since different temperature rise conditions can result from different harmonic loading conditions 
having the same Harmonic Loss Factor, Fy, the current frequency spectra achieved on test should be docu- 
mented. 


C.1.3.3 Electrical instrumentation requirements 


The extended range of frequency of voltages and currents that are present in this test circuit place extra 
demands upon the calibration and accuracy of the instrumentation system at higher frequencies. The com- 
plete system should have a proven acquisition bandwidth of not less than 3 kHz, including the voltage and 
current transformers and the recording system. The Fourier analysis should be capable of resolving a 3 kHz 
signal by utilizing data from a sufficiently wide data window to maintain accuracy. 
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C.2 Alternate simulated load temperature rise testing procedures'* 


The purpose of the test is to establish the top oil temperature rise in steady-state condition, with dissipation of 
total loss equal to the loss at the nonsinusoidal load current, and rated sinusoidal transformer voltage. The test 
should also establish the average winding temperature rise above oil under the same conditions for liquid- 
filled transformers, and the average winding temperature rise above ambient for dry-type transformers. 


C.2.1 Test method 


The test method used may be the loading-back method, the impedance kVA method, or the short circuit (sep- 
arate load loss and excitation test) method in accordance with IEEE Std C57.12.90-1993 or IEEE Std 
C57.12.91-1995 provided the load is adjusted to compensate for harmonic losses. 


C.2.2 Dry-type transformers 


The basic premise of the simulated test is to determine the temperature rises after inducing losses equivalent 
to the losses generated by nonsinusoidal load current. These harmonic losses are simulated by increasing the 
test current by an appropriate amount according to the following methods. 


C.2.2.1 Load loss simulation Method | 


As an alternate to the actual loading method described above, a less accurate simulation may be performed. 
This simulation requires less equipment and should be used with caution, since it is possible to overload one 
winding significantly. As such, the procedure is most suitable for small units where the winding eddy losses 
are similar for both the high-voltage and low-voltage windings. 


The load losses supplied by the transformer under test (Py) are monitored and maintained during the test. 
These losses are determined as follows: 


Pu-t = Ppc x (1+ Fu x Pec) x To 3 3=1W (C-1) 
where 


Pxc (pu) = assumed eddy-current losses under rated conditions in per unit of rated load PR loss calculated 
as follows: 


P.aw—P 
ne DC for transformers rated 300 kVA or less, and 


PocX Te 


C x (Pac — Pope) 


2 
Py_pcoX Te 


for transformers rated more than 300 kVA 


Cc = 0.7 for transformer having a turns ratio greater than 4:1 and having one or more windings with a 
current rating greater than 1000 A, or 


'4CAUTIONARY NOTE: This document gives simplified calculation methods that can give reasonable estimates for loading. Implicit 
within this simplified method is the premise that for the same harmonic loss factor, the same losses and hence temperature rise will be 
produced. This is not necessarily true. Harmonic loading of transformers gives rise to higher losses and their distribution within the 
transformer is very different from standard 60 Hz losses, and their magnitudes and location are dependent upon complex calculations of 
geometry and flux penetration depths. These loading methods, therefore, do not give a good simulation of the loss spatial distribution, 
and hence should not be used as definitive methods for the determination of hot-spot temperatures in windings, core or structural com- 
ponents. 
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0.6 for all other transformers; 
Py_pc = the PR losses for the inner winding with the winding at ambient temperature; and 


T,+T, 
o- F4T,, 


temperature correction factor 


where 


T, = the maximum acceptable insulation system temperature rise plus 20 °C; 


T, = the ambient temperature at which the impedance losses and the PR losses were determined; 
T,, = 234.5 °C for copper windings or 225 °C for aluminum windings. 


NOTE-— The value of T, may be as high as 230 °C for alloyed aluminum. 


The impedance losses and the PR losses should be determined in accordance with IEEE Std C57.12.90-1993 
or IEEE Std C57.12.91-1995. 


C.2.2.2 Load loss simulation Method II 


This method is similar to Method I above, except it attempts to account for the different eddy-current losses 
for each winding by establishing an equivalent harmonic current. It may therefore be more appropriate for 
larger transformers and for units having large differences in the high-voltage and low-voltage winding eddy 
losses. This simulation also requires less equipment than the actual loading method, but requires a number of 
mathematical corrections. 


The load current supplied by the transformer under test may be determined from Equation (17). The maxi- 
mum designed current rating is defined as 


Ee Pry _p(pu) i 
max\P 1+ Fy x Ppc_p(pu) P 


The per-unit test current required to simulate the losses for the harmonic loading in each winding, referred to 
the rated current, is given by 


Io{pa) = [Fu *Fee—e'Ps) pu (C-2) 


Py _R(pu) 


Since the per-unit eddy-current losses in each winding are normally not the same, the following factors are 
defined for convenience: 


1+ Fup x Ppo_1_p(pu) 
a, = [= 1 t Fay x Prec _ 1 _p (pu) (C-3) 
1 | Pi) _p(pu) Pi HL EC —1-R\P 
and 
1+ Fup x Ppc_2-R(pu) 
a, = [—— = _ 1 t+ Fy x Pec_>_p(pu) (C-4) 
2 | Pi _>_p(pu) F HL EC-2-R\P 
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The current for each winding may then be calculated as follows: 


I,_7 = &,xJ,;_p amperes (C-5) 
and 
I,_7 = O,xI,_p amperes (C-6) 


Since the current of only one winding may determine the value of the test current, an intermediate value is 
established as a compromise. 


I7 (pu) =a x Jp (pu) pu (C-7) 
where 
Fe a : o (C-8) 


The individual temperature rise values determined from testing with this compromise load current are then 
corrected by the following equations: 


a 2, 

8, = 0,_1* (=) (C-9) 
Oy) 2 

0, = 05_7x (2) (C-10) 


Note that this procedure overloads one winding during the temperature test. If the winding to be overloaded 
is not capable of withstanding the expected temperature, a lower value of a may be used. This value should 
not be less than the lower value of a, and a. 


C.2.3 Liquid-filled transformers 


The top-oil rise must first be determined for liquid-filled transformers, before the winding temperature rises 
may be established. This requires the injection of the total losses, which is composed of the load loss plus the 
no load loss. The load loss is the total loss developed from the non-sinusoidal load current and includes the 
winding dc losses, winding eddy losses and the other stray losses. The relationship of these losses is defined 
by Equation (19): 


Pup = P+F yy x Pec_pt+Fu_str* Post-r W 


The no-load loss corresponds to the rated transformer voltage. The total injected losses are then measured 
and the fundamental power-frequency current is adjusted to give the specified test value of the total loss. 


When the top-oil temperature rise has been established, the test continues with a sinusoidal test current 
equivalent to the total load loss (P,,,). This condition is maintained for 1 h during which measurements of oil 
and cooling medium temperatures are made. The equivalent test current is determined by Load Loss Simula- 
tion Method II, in section C.2.2.2 above. At the end of the temperature rise test, the temperatures of the two 
windings are determined according to standard methods in the references noted in section C.2.1. 
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Annex D 


(informative) 


Tutorial discussion of transformer losses and the effect of har- 
monic currents on these losses 


Power transformers with ratings up to 50 MVA are almost always of core form construction. High-voltage 
and low-voltage windings are concentric cylinders surrounding a vertical core leg of rectangular or circular 
cross section. The vertical core legs and the horizontal core yoke members that constitute the magnetic cir- 
cuit are made up of thin steel laminations. In the top and bottom yoke regions there are usually external 
clamping structures (clamps) that may be made of either metallic or insulating materials. Oil-immersed 
transformers are contained within a steel tank, while dry-type transformers may be either freestanding or 
surrounded by a metal enclosure. If direct current is passed through the transformer winding conductors, a 
simple PR loss will be produced, where R is the dc resistance of the winding. However, if an alternating cur- 
rent (ac) of the same magnitude is passed through the winding conductors, an additional loss is produced. 
This can be explained as follows. When the transformer windings carry the ac current, each conductor is sur- 
rounded by an alternating electromagnetic field whose strength is directly proportional to the magnitude of 
the current. A picture of the composite field produced by rated load current flowing through all the winding 
conductors is shown in Figure D.1, which is a cross-sectional view through the core, windings, clamps, and 
tank. Each metallic conductor linked by the electromagnetic flux experiences an internal induced voltage 
that causes eddy currents to flow in that conductor. The eddy currents produce losses that are dissipated in 
the form of heat, producing an additional temperature rise in the conductor over its surroundings. This type 
of extra loss beyond the PR loss is frequently referred to as “stray loss.” Although all of the extra loss is an 
eddy-current loss, the portion in the windings is usually called “eddy-current loss” (Pac), and the portion 
outside the windings is called “other stray loss” (Posz). 


Eddy-current loss in winding conductors is proportional to the square of the electromagnetic field strength 
(or the square of the load current that produces the field) and to the square of the ac frequency. Other stray 
losses are generally proportional to current raised to a power slightly less than 1, because the depth of pene- 
tration of the electromagnetic flux into the other metallic parts (usually steel) varies with the field strength. 
(For very high-frequency harmonic currents the electromagnetic flux may not totally penetrate the winding 
conductors either, but it is conservative to assume that the eddy-current loss, Pec, is proportional to the 
square of the harmonic current frequency.) When a transformer is subjected to a load current having signifi- 
cant harmonic content, the extra eddy-current loss in winding conductors and in other metallic parts will ele- 
vate the temperature of those parts above their normal operating temperature under rated conditions. 
Experience has shown that the winding conductors are the more critical parts for determination of acceptable 
operating temperature, so the objective should be to prevent the losses in winding conductors under har- 
monic load conditions from exceeding the losses under rated frequency operating conditions. 


The inner winding of a core form transformer typically has higher eddy-current loss than the outer winding, 
because the electromagnetic flux has a greater tendency to fringe inwardly toward the low reluctance path of 
the core leg. Furthermore, the highest local eddy-current loss usually occurs in the end conductors of the 
inside winding. This is a result of the fact that this is the region of highest radial electromagnetic flux density 
(closest spacing of the radially directed flux lines in Figure D.1) and the radial flux passes through the width 
dimension of the rectangular winding conductor. Since the width dimension of a conductor is typically 3-5 
times the thickness dimension and eddy-current loss is proportional to the square of the dimension, high loss 
is produced in the end conductors. Certain simplifying assumptions have been made in this recommended 
practice about the relative proportions of the eddy-current losses in the inner and outer windings and the 
relation between average eddy-current losses and maximum local eddy-current losses. These assumptions, 
which are conservative, may be used when specific knowledge of the eddy-current loss magnitude is not 
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available. However, more accurate calculations can be made if design values of eddy-current losses are avail- 
able from the transformer manufacturer. 


The recommendations for determination of acceptable operating conditions contained in this recommended 
practice are based on the calculation of a “transformer capability equivalent,’ which establishes a current 
derating factor for load currents having a given harmonic composition. Equation (17) provides a calculation 
of the maximum rms value of a nonsinusoidal load current (in per unit of rated load current) that will ensure 
that the losses in the highest loss density region of the windings do not exceed the design value of losses 
under rated frequency operating conditions. Example cases are presented for the situations where design 
eddy-current loss data are available from the manufacturer or where they are not. 


Harmonic currents flowing through transformer leakage impedance and through system impedance may also 
produce some small harmonic distortion in the voltage waveform at the transformer terminals. Such voltage 
harmonics also cause extra harmonic losses in the transformer core. However, operating experience has not 
indicated that core temperature rise will ever be the limiting parameter for determination of safe magnitudes 
of nonsinusoidal load currents. 
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HV 
WINDING 
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Figure D.1—Electromagnetic field produced by load current in a transformer 
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